Objective: Iron may contribute to the pathogenesis and progression of multiple sclerosis (MS) due to its accumulation in the human brain with age. Our study focused on nonheme iron distribution and the expression of the ironrelated proteins ferritin, hephaestin, and ceruloplasmin in relation to oxidative damage in the brain tissue of 33 MS and 30 control cases. Methods: We performed (1) whole-genome microarrays including 4 MS and 3 control cases to analyze the expression of iron-related genes, (2) nonheme iron histochemistry, (3) immunohistochemistry for proteins of iron metabolism, and (4) quantitative analysis by digital densitometry and cell counting in regions representing different stages of lesion maturation. Results: We found an age-related increase of iron in the white matter of controls as well as in patients with short disease duration. In chronic MS, however, there was a significant decrease of iron in the normal-appearing white matter (NAWM) corresponding with disease duration, when corrected for age. This decrease of iron in oligodendrocytes and myelin was associated with an upregulation of iron-exporting ferroxidases. In active MS lesions, iron was apparently released from dying oligodendrocytes, resulting in extracellular accumulation of iron and uptake into microglia and macrophages. Iron-containing microglia showed signs of cell degeneration. At lesion edges and within centers of lesions, iron accumulated in astrocytes and axons. Interpretation: Iron decreases in the NAWM of MS patients with increasing disease duration. Cellular degeneration in MS lesions leads to waves of iron liberation, which may propagate neurodegeneration together with inflammatory oxidative burst. ANN NEUROL 2013;74:848-861 M ultiple sclerosis (MS) is a chronic disease of the central nervous system (CNS) leading to oligodendrocyte destruction, demyelination, remyelination, astrocytic scar formation, and neurodegeneration, all being associated with inflammation. Additional supporting information can be found in the online version of this article.
myelin the primary target of inflammatory attacks in MS, are especially vulnerable to such injury. 16 Several pathological studies have focused on iron in MS. [17] [18] [19] We present a study of 63 well-characterized MS and control autopsy cases, examining nonheme iron load as well as the expression of proteins involved in iron metabolism. Our current data on the altered distribution of iron in the brains of MS patients suggest that its liberation within active lesions may amplify demyelination and neurodegeneration.
Materials and Methods

Sample Characterization
The ethics committee of the Medical University of Vienna approved the study (Ethik Kommission No. 535=2004). It was performed on formalin-fixed, paraffin-embedded (FFPE) autopsy brain material from 30 controls without neurological disease or brain lesions and 33 MS cases ( Table 1 ). The MS samples included 7 acute MS (AMS) cases, defined by a clinical course leading to death within 12 months after disease onset. Three patients died during a disease exacerbation in the RRMS stage. Twelve patients presented with SPMS and 9 with PPMS. One case was classified as benign MS. In 1 case, the disease course remained uncertain. Clinical and pathological information (see Table 1 ) was derived from a database that served as the basis for an earlier study. 1 
Whole-Genome Microarrays
Technical issues of the presented microarray data have been published previously. 13 Shortly, RNA quality of FFPE material was assessed by in situ hybridization for proteolipid protein (PLP) mRNA as described. 20 Tissue blocks showing a strong PLP hybridization signal within oligodendrocytes were selected for RNA extraction. Under RNase-free conditions, 6-to 10lm thick sections were mounted on glass slides. Initial (prephagocytic) lesions, 21, 22 active lesions with early myelin degradation products, and periplaque white matter (PPWM) of MS cases were microdissected. Normal white matter (NWM) from controls was likewise collected. Labeling of RNA, hybridization to microarrays as well as microarray scanning, and quantile normalization of the raw data were done externally (Source BioScience imaGenes, Berlin, Germany). For data analysis, a literature-based search for genes involved in iron metabolism was performed. All microarray data have been deposited in the NIH National Center for Biotechnology Information's Gene Expression Omnibus (accession number GSE32915). Technical obstacles resulting from formalin fixation-induced strand breaks in the mRNA of FFPE tissue were discussed in previous publications. 13, 23 Due to the position of some microarray probes, insufficient hybridization with fragmented RNA could have led to false-negative results.
Neuropathology, Iron Histochemistry, and Immunohistochemistry
Tissue blocks (n 5 130) were stained with hematoxylin & eosin and Luxol fast blue-periodic acid Schiff myelin stain and inspected for exclusion of confounding pathology. Lesion staging based on earlier characterization 1 and was performed with immunohistochemistry for myelin of MS tissue blocks (n 5 89). Demyelinating activity was evaluated by assessing myelin degradation products within lysosomes of macrophages. 24 For detection of total (ferrous and ferric) as well as ferrous nonheme iron, we applied diaminobenzidine (DAB)-enhanced Turnbull blue staining (Supplementary Materials and Methods). 25, 26 Immunohistochemistry using DAB as chromogen was performed as described. 27 All primary antibodies were incubated overnight at 4 C. Primary antibodies and antigen retrieval methods are listed in Table 2 . Iron, ferritin, its subunit ferritin light polypeptide (FTL), hephaestin, and ceruloplasmin were detected on consecutive sections. Oligodendrocytes, microglia, and macrophage numbers were evaluated by analyzing sections stained for TPPP=p25, Iba-1, and CD68, respectively. Immunohistochemistry for oxidized phospholipids (E06 epitope) was performed as described. 28 Double and triple immunolabeling for light and confocal fluorescence microscopy are described in the Supplementary Materials and Methods.
Quantification
Two different methods of digital optical densitometry were applied on TIFF images of sections. One led to an overall gray value integration of the images stained for total nonheme iron, labeled "iron optical density" (Fig 1) ; the other set a threshold to obtain cellular staining (all other densitometry results are shown in Table 3 and Supplementary Figs 2 and 3 ). In addition, immunostained cells were also counted manually. Further details concerning the quantification methods and the selected regions of interest (ROIs) are described in the Supplementary Materials and Methods.
Statistics
IBM (Armonk, NY) SPSS Statistics Version 20 was used for data analysis. Nonparametric tests were applied for group comparisons between different ROIs. Data of multiple ROIs of the same type per case were averaged to finally represent each case with 1 value per ROI. Kruskal-Wallis group testing was followed by MannWhitney U post hoc tests and Bonferroni-Holm correction. Each ROI was compared to both NWM of controls and normal-appearing white matter (NAWM) of MS patients. Pearson coefficient was done for all correlation analyses except for correlation of cellular iron with E06 optical density, which was calculated with the Spearman procedure due to the presence of an outlier. For partial Pearson correlation analysis (see Fig 1A) between iron and disease duration, we controlled for age and set disease duration of controls to zero. To visualize the effect of disease duration on iron load, the difference between iron optical density and the linear regression equation derived from the controls was plotted against disease duration (see Fig 1B) .
Results
Iron in the NWM Increases with Age in Controls but Not in MS Cases
Applying the DAB-enhanced Turnbull blue staining, 25, 26 the highest total nonheme iron contents were observed in deep gray matter nuclei and the leukocortical boundary (Fig 2) . Within the deep white matter (WM), iron content was comparatively low. 6 In line with previous findings, 8, 26 most iron in control NWM and MS NAWM was stored in oligodendrocytes and myelin within ferritin ( Supplementary Fig 1) . In NWM, nonheme iron was detected only exceptionally in other cells such as microglia. Iron has been shown to increase with age in human brains. 6 Densitometric analysis of the iron content revealed a significant correlation of iron load with age in the 30 controls in the subcortical (see Fig 1A) and deep WM (not shown). No correlation with age was observed in all MS cases in both WM regions. In acute MS patients with short disease duration, the brain iron content was similar to that of age-matched controls. However, we found a significant decrease of iron load in the NAWM (see Table 3 ) in patients with chronic progressive disease, correlating with disease duration (see Fig  1B) . Compared to the NWM, the NAWM showed a low degree of inflammation, microglia activation, and acute axonal injury, which increased toward the edges of lesions. cooperating with ferroportin to export intracellular iron. 30 In the NWM and NAWM, hephaestin was expressed in oligodendrocytes and astrocytes, whereas ceruloplasmin was detected in astrocytes only. Counting of hephaestin 1 oligodendrocytes and astrocytes revealed a significant reduction in NAWM compared to NWM. In the PPWM, however, hephaestin 1 oligodendrocytes were more numerous. Hephaestin expression was pronounced in individual oligodendrocytes, especially in PPWM close to active lesions, where in addition many astrocytes expressed ceruloplasmin. In summary, our data indicate that the global expression of hephaestin is decreased in the NAWM of MS patients in association with oligodendrocyte loss and with a decrease of iron load in the remaining cells. In PPWM close to active lesion edges, however, the expression of hephaestin and ceruloplasmin is increased within individual cells, suggesting active iron export.
Changes of Iron Content and of Iron-Related Molecules in MS Lesions
The expression of iron-related genes was analyzed using microdissected brain tissue of 4 patients with AMS (indicated as included in microarray study in Table 1 ) and 3 controls. PPWM, initial lesions, 21, 22 and actively demyelinating lesions were compared to NWM of controls. We found an upregulated transcription of ferritin genes (FTL, FTH1, and FTMT) involved in intracellular iron storage and detoxification (Table 4) . Upregulation of FTMT (mitochondrial ferritin) was accompanied by downregulation of the mitochondrial iron exporter frataxin in initial lesions, suggestive of iron-related mitochondrial injury 31 in early MS lesions. Molecules involved in cellular iron import (eg, transferrin receptor, DMT1, ZIP14) as well as cellular iron export and oxidation of iron (hephaestin, APP) showed elevated transcription, being most pronounced in PPWM. Our data suggest an upregulation of cellular defense against iron toxicity in active MS lesions, and upregulation of glial iron shuttling in the PPWM around active lesions.
Iron Accumulates at the Edges and Within a Subset of Active Lesions
In MS lesions, the highest iron load was seen at the edges of classic active, 29 slowly expanding, and some inactive lesions, but not of remyelinated plaques (Fig 3; see Table 3 ). Within lesion centers, the iron content varied between lesions from the same case and even more between lesions of different cases. Studying 100 WM lesions of our sample, we observed on a case-based average 8% to contain more iron, whereas 27% contained equal and 65% contained less iron than the surrounding NAWM. Lesions with increased iron load were in the late active stage, whereas inactive or remyelinated lesions invariably showed equal or less iron load. In active lesions, demyelination and oligodendrocyte destruction occur in a zone of variable size in the PPWM at the lesion border. 29 Thus, iron-containing myelin and oligodendrocytes gradually decreased from the PPWM toward the lesion centers. Correlation of cellular iron with cellular ferritin, as quantified by densitometry, showed the Quantitative data are given as median (range in parentheses). 
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December 2013 853 presence of iron being invariably accompanied by the presence of ferritin (see Supplementary Fig 2) . Ferritin, however, was also detected in macrophages and microglia in the absence of iron, especially in classic active lesions, explaining the discrepancies of iron and ferritin densitometry in early and late active lesion centers. In comparison to total ferritin, FTL staining was less abundant, but showed a similar cellular distribution. 26 In addition, early active lesions contained abundant small iron-reactive granules in the extracellular space. In contrast to total nonheme iron, which was most prominently seen in cytoplasmic compartments, ferrous iron reactivity was mainly present in extracellular granules and within endosomes or lysosomes of macrophages. Extracellular ferrous iron was mainly observed in aged patients with acute MS, where active lesions formed in brains with high iron load. Toward the plaque center, the density of iron-reactive macrophages and microglia decreased, but these cells were frequently encountered in perivascular spaces. Within the center of inactive lesions, ironcontaining oligodendrocytes were rare or absent, reflecting demyelination and oligodendrocyte loss. 32 Iron, when present at all, was seen within astrocytes, axons, and occasional macrophages. In contrast to the PPWM, only sparse remaining oligodendrocytes but more astrocytes expressed hephaestin in active lesions, where ceruloplasmin was predominantly seen in astrocytes and axons. Ceruloplasmin reactivity in astrocytes and axons partly colocalized with fibrin in active lesions, indicating uptake of soluble serum ceruloplasmin from the extracellular space under conditions of blood-brain barrier damage.
Iron-Related Microglial Dystrophy in MS Lesions and Microglial Loss in Inactive Lesion Centers
At lesion edges and less prominently in lesion centers, a substantial proportion of ferritin-and iron-containing microglia displayed dystrophic features such as focal swellings, fragmentation of cell processes, or cytorrhexis ( Fig  4A, B) . These features of dystrophy, indicating microglia degeneration, have been described in the ageing brain, Alzheimer disease, and Huntington disease. [33] [34] [35] The highest numbers of dystrophic microglia were found at lesion edges, which showed high iron load within microglia. Subsequent counting of the 2 markers Iba-1 and CD68 confirmed a significant reduction of microglia cells in inactive lesion centers compared to the NAWM (see Table 3 ). In contrast, remyelinated lesions showed only sparse microglial dystrophy or loss and no iron deposition at their edges. When microglia and macrophages were lost, iron accumulation was seen in astrocytes and axons (see Fig 4C, D) within a subset of active plaques or plaque edges.
Correlation between Iron Deposition and Presence of Oxidized Phospholipids
For evaluation of oxidative damage, oxidized phospholipids were stained (E06 epitope). 28 E06 1 axonal spheroids, indicating acute axonal damage linked to oxidative damage, were most abundant in actively demyelinating lesions (see Table 3 ), where iron-containing oligodendrocytes or microglia were progressively lost and ferrous iron was observed within the extracellular space. Optical E06 density was weakly but significantly correlated (r 5 0.259, p < 0.001) with cellular iron load (see Supplementary Fig 3) . Hence, we reason that iron contributes to but is not the only factor leading to oxidative damage in MS. Nevertheless, some lesions with high iron load displayed a 1-to-1 colocalization of iron and E06 (see Fig  4E-H ).
Discussion
Our study shows alterations in iron metabolism that differ between MS lesions and the NAWM. In the NAWM, age-related physiological iron increase in oligodendrocytes and myelin is apparently opposed by iron release from these structures, correlating with disease duration in chronic MS. Accordingly, a recent in vivo magnetic resonance study applying susceptibility-weighted imaging (R2 0 sequence) found reduced signal intensity in the NAWM of MS patients in comparison to controls. According to the authors, such a reduction could be due to either a decrease of myelin, nonheme tissue iron, or hemoglobin in the brain vasculature. Our data show that in addition to a loss of oligodendrocytes, there is a reduction of nonheme iron within oligodendrocytes and myelin. This loss of iron may be related to the chronic inflammatory process, which is present not only in lesions, but also in the NAWM. 1 A recent study addressed the effects of proinflammatory (tumor necrosis factor [TNF]-a) and anti-inflammatory (transforming growth factor [TGF]-b1) cytokines on microglia and astrocytes. 37 Both cytokines led to iron uptake and retention in microglia. In astrocytes, however, TNF-a triggered iron retention, whereas TGF-b1 induced its release. Iron-laden oligodendrocytes are more vulnerable to the proinflammatory cytokines TNF-a and interferonc in vitro. 38, 39 Hence, inflammatory cytokines could trigger iron release from oligodendrocytes, similar to the effect of TGF-b1 on astrocytes. We found the iron export ferroxidases hephaestin and ceruloplasmin 30 Nonetheless, this iron is apparently cleared from the lesions, because inactive demyelinated lesions showed on average a lower iron load than the surrounding NAWM. The perivascular accumulation of iron-containing macrophages suggests that they remove iron from the lesions through perivascular drainage into the cervical lymph nodes, as shown for macrophages containing myelin and neuronal antigens 51 or ultrasmall superparamagnetic particles of iron oxide. 52 Additionally, iron-containing microglia and macrophages showed signs of process fragmentation and cytorrhexis, termed microglial dystrophy or senescence, 33 which has been linked to iron accumulation, ferritin upregulation, and oxidative stress. 34 Degradation of dystrophic microglia at MS lesion edges and centers may lead to a second wave of iron release and subsequent accumulation within other microglia, astrocytes, or axons. Extracellular and axonal iron might promote neurodegeneration in MS, as we found E06 1 axonal spheroids predominantly at sites of demyelination and cellular iron liberation in active lesions. Thus, 2 sources of radicals, namely oxidative burst from activated microglia 13 and iron within axons or the extracellular space, may act synergistically to promote neurodegeneration. However, iron is also essential for cellular function and homeostasis in the CNS. Recently, iron-containing ferritin has been shown to promote oligodendrogenesis and oligodendrocyte differentiation from precursor cells when injected into the rat spinal cord. 53 Thus, iron liberated in the lesions may augment demyelination and neurodegeneration, and the observed overall iron loss in the NAWM may be both protective against inflammatory attacks and detrimental by reducing the capacity of the MS brain for remyelination and tissue repair. Ironchelating therapies for MS patients can therefore, based on our current knowledge, not be recommended. Nevertheless, blocking harmful downstream effects of iron liberation, such as oxidation of lipids and DNA, might be beneficial for MS patients. 
